The response of buried concrete structures to the effect of blast loads is of great importance. Various parameters including the depth and weight of explosive charge, soil properties and the relative location of the buried structure to the explosive charge affect the structural performance of buried structures. In this paper, the influence of burial depth of explosive charge is numerically investigated using the new proposed finite element model developed and described in a previous work for the authors. The burial depth of explosive charge is considered to be varied between 0.0 m to 6.0 m. A comparison evaluation is carried out between the study of varying charge depth and the study of varying the burial depth of the structure. This investigation covers the blast wave propagation, structure response and damage analysis for buried reinforced concrete structures. The paper shows that buried explosions result in significant effects on the structure response than the surface explosions with the same conditions.
Introduction
In this paper, the response of a buried concrete structure to various factors affecting structural performance is investigated by carrying out a parametric study using the proposed new finite element model described in [1, 2] . The parameters considered in this investigation are: depth of structural burial and charge depth of burial. These investigation covers the blast wave propagation, the structure response and damage analysis for buried reinforced concrete structures. This paper briefly discusses the overall analysis process to obtain an optimal design procedure for buried concrete structures subjected to blast loads. Because there have been no accurate established models governing the design of such a structure, a series of parametric studies has been carried out using the proposed numerical model in order to evaluate the significance and sensitivity of the depth of structural burial and charge depth of burial parameters on the structure response.
2-Model description
In this section, the proposed analysis procedure is used to undertake a two-dimensional (2D) axisymmetric analysis of the problem shown in Figure 1 . The overall geometric model is divided into three different regions representing the soil, structure and explosive materials. The Arbitrary Lagrange Euler (ALE) formulation is used in the analysis to model both the charge region and the soil region close to the explosion. This is to eliminate the distortion of the mesh under high deformation [3, 4] . On the other hand the conventional Finite Element Method (FEM) is utilised to model the rest of the system (the intermediate and far field soil mass and the structure itself). A convergence study involving mesh refinement, appropriate selection of element types and simulation of the infinite boundaries is initially performed; hence the optimum meshes are identified for the soil, explosive charge (TNT) and the structure, as shown in Figure 2 . A TNT explosive charge is considered in this investigation with a mass of M (Kg).
Figure 1 Schematic diagram of the example application
The structure is modeled as a cylindrical reinforced concrete structure with roof thickness of t r (m) = 0.5 m, wall thickness of t w (m) = 0.5 m and floor plate thickness of t b (m) = 0.5 m, internal height of h (m) = 3.0 m and radius of r (m) = 4.0 m. The structure is buried in the soil at a depth of d (m) below the ground surface. The structure is centered under the explosive charge of 100 Kg TNT as shown in Figure 1 .
The burial depth of explosive charge is an important parameter for buried structure survival as the threat from explosive effects could be from underground explosions resulting from penetrating weapons at different depths. In this investigation the structure burial depth is chosen to be fixed throughout this study. It is taken with a constant depth of burial of 8.0 m in all cases which is found to be the most stable case (zero damage case) for the problem in hand in previous investigations [1] . The burial depth of explosive charge is considered to be varied between 0.0 m to 6.0 m. A comparison evaluation is carried out between the study of varying charge depth and the study of varying the burial depth of the structure. The structural design of any underground structure considers static and dynamic loading effects. In this study, since the initial static stresses and pressures are all very small in comparison with the anticipated stresses generated by the explosion, the work presented concentrates on dynamic loading and results are presented in terms of dynamic response only. The entire explosion-soil-structure system is represented by an assemblage of a finite number of 4-node bilinear axisymmetric quadrilateral, reduced integration elements (CAX4R) [5] . Smaller elements are used in the higher stress region and progressively larger elements in the lower stress region as shown in Figure 2 . Symmetry boundary conditions are applied along the axis of symmetry by restraining the displacement in the radial direction. Infinite elements (CINAX4) [3] are used to provide quiet boundaries at the right side and bottom boundaries of the mesh as shown in Figure 2 a. The infinite elements help to minimize any spurious wave reflections [5] and thus simulate a boundary at infinity.
3-The materials modeling
The soil is considered as a very dry brown clay soil of classification CL [6] The soil behavior is modeled by an elasto-plastic Drucker-Prager Cap model as described in [5] . The model parameters used for the clay soil are shown in Table 1 . The explosive charge (TNT) is modeled using the Jones-Wilkens-Lee (JWL) equation of state. It simulates the pressure generated by expansion of the detonation product [7] . The parameters for the TNT charge with the properties presented in [8] are listed here in Table 2 . The mechanical behavior of the concrete structure is modeled using the Concrete Damage Plasticity (CDP) constitutive model [5] . The concrete parameters are obtained from [9] as shown in Table 3 . The contact interface between the soil and the structure is simulated using the general Mohr-Coulomb friction concept, which allows for sliding, separation, and rebound between the buried structure surface and the surrounding soil. The dynamic behavior of the whole system is then evaluated using a numerical procedure. In changing depth investigations it is assumed that the soil properties are still the same with varying the depth while in practice it will be changing with the increasing the depth as the soil strength is increasing. This trend will be exacerbated by the fact that as burial depth increases there will be an increasing tendency to construct the structure in heading rather than using the cut-and-cover method which undoubtedly would be preferred at shallow burial depths. In this study, since the initial static stresses and pressures are all very small in comparison with the anticipated stresses generated by the explosion, the work presented concentrates on dynamic loading and results are presented in terms of dynamic response only.
In all of these investigations, the analysis includes consideration of the contact soil pressure, the roof slab response, evaluation of the overall structure damage and the stress distribution throughout the concrete structure. In addition trend relations are conducted between the structure response and the effect of the investigated parameters.
4-The depth of explosive charge burial variation effect investigation
In order to study the effect of varying the explosion depth on the structural response, the finite element analysis has been conducted using the same model and material parameters and with explosion depths of burial of 0.0 m (surface charge), 2.0 m, 4.0 m and 6.0 m with a constant structure depth of burial of 8.0 m in all cases which is found to be the most stable case (zero damage case) in previous investigations [1] . This range is chosen in order to compare the results of this study with the results from the study of the structural depth of burial effects and investigate the effect of soil cover thickness on the structure response as shown in Figure 3 
5.2
The structure damage Figure 5 shows the concrete tensile damage in the structure as charge depth of burial varies.
The maximum tensile damage value reaches 0.98 at the roof centre at a charge depth of 6.0 m. This is due to the direct impact shock of the blast wave on the roof centre. This maximum value of damage decreases with reducing the depth of charge burial until reaching zero damage in the case of a surface charge. Provided the soil cover is ≥ 6.0 m a satisfactory level of protection is obtained. 
Structure response with soil cover thickness of 2 m
In order to investigate the effect of the soil cover between the structure roof and the explosion, a comparison is carried out between the cases of changing the structure depth of burial and the cases of changing the charge depth of burial. Figure 8 presents the results of vertical displacement time histories on the roof slab centre in both cases of surface and buried explosion with the same 2.0 m soil cover thickness over the structure as shown in Figures 6 and 7 . It can be seen that the behaviour of the roof centre point has the same trend but with significant difference in peak deflection and in permanent displacement.
It can be noticed that the maximum deflection in roof centre point in the case of surface explosion is 24.36 mm while in the case of buried explosion it is 35.9 mm. It means that the Paper: ASAT-13-CV-22
response of the roof centre point increases by 32% in the case of the buried explosion. It can also be seen noticeably that significant permanent displacements of the roof structure slab occur in both cases. In the case of surface explosion the permanent displacement is 17.7 mm while in the buried explosion case the permanent displacement is found to be around 31.5 mm, which means that the permanent vertical displacement increased in the buried explosion case by 44 %. These residual deflections indicate the occurrence of plastic deformation of the roof slab under the effect of these blast loads. This is due to the confinement effect of the soil above the explosion in the case of the buried explosion which causes more blast energy to be directed downwards thus elevating the pressure experienced by the structure. In the case of the surface explosion some of the blast 9/16 wave energy is released through the free surface to the surrounding less dense medium (air) causing less energy to be directed to the buried structure. Figure 9 shows the concrete tensile damage in the structure roof centre for both cases buried and surface explosion with a soil cover layer of thickness 2.0 m. It can be seen that in both cases the structure is severely damaged as it exerts damage index of 0.98 which means severely damaged [10] . It can be concluded that there is no significant difference between the two cases on the structure damage response when the explosion is near the structure in such a case of 2.0 m apart from the structure. Figure 12 presents the results of vertical displacement time histories on the roof slab centre in both. It can again be seen that the behaviour of the roof centre point has the same trend but with significant difference in peak deflection and in permanent displacement. It can be noticed that the maximum deflection in roof centre point in the case of surface explosion is 12.5 mm while in the case of buried explosion it is 18.5 mm (a 32.4% increase). It can be seen that significant permanent displacements of the roof slab also occur in both cases. In the case of surface explosion the permanent displacement is 2.5 mm while in the buried explosion case the permanent displacement is found to be 7.31 mm. It means that the permanent vertical displacement increased in buried explosion case by 66 %. These residual deflections indicate the occurrence of plastic deformation of the roof slab under the effect of blast loads.
It can be noticed that the increase of the response between the surface and buried explosion cases is more or less the same as for the previous case of the soil cover 2.0 m thick layer. This is due to the same influence of the soil confinement effect in the buried explosion case. Figure 13 shows the concrete tensile damage in the structure roof centre for both cases. It can be seen that in both cases the structure is severely damaged as it experienced damage index of Figure 14 with the results from the case of surface explosion on a buried structure at depth 6.0 m as shown in Figure 15 are compared. Figure 16 presents the results of vertical displacement time histories on the roof slab centre in both cases. It can be seen that the behavior of the roof centre point has the same trend as before but with significant difference in peak deflection and in permanent displacement. The maximum deflection in roof centre point in the case of surface explosion is 8.23 mm while in the case of buried explosion it is 9.8 mm. Thus the response of the roof centre point increases with 16 % in the case of the buried explosion. It can be seen that no significant permanent displacements of the roof structure slab occur in either cases. In the both cases of surface and buried explosions the permanent displacement is in the range of 0.2 to 0.3 mm, indicating that the soil cover 6.0 m thick acts as a good protection layer for the buried structure under the effect of the specified blast loads. It can be noticed that the increase of the response between the surface and buried explosion cases is less than for the previous case of the soil cover 4.0 m thick layer. This is due to that the structure is buried at a safer depth than previously considered. Figure 17 shows the concrete tensile damage at the roof centre for both cases. It can be seen that in the buried explosion case the structure is highly damaged as it experienced damage index of 0.72 while in the surface explosion case the structure is experienced damage of 0.52 (a 31% reduction) which is in the medium damage zone [10] . 
6-Conclusion
For depth of explosive charge burial variation investigation: Buried explosions result in a more significant difference on the structure response than the surface explosions with the same conditions. This is due to the confinement influence of the soil above the explosion in the case of the buried explosion which causes more blast energy to be directed downwards thus elevating the pressure experienced by the structure. Conversely, in the case of the surface explosion some of the blast wave energy is released through the free surface to the surrounding less dense medium (air) causing less energy to be directed to the buried structure. As presented, the investigation indicates that for the situation investigated the 6.0 m thick soil cover acts as a good protection layer for the buried structure under the effect of the specified blast loads. it can be concluded that at deeper depths may amplify the protective power and less response of buried shelter structures.
The new model, used in the investigation, provides researchers and designers with a computational tool for the design of buried concrete structures. Through FEA modelling, the damage failure mode and the damage failure locations can now be determined. In addition the extent of the strength and serviceability improvements that can be achieved by appropriate redesign of the system can be identified. The model can be used for parametric studies and verification of practical models, and in special design situations where great details of the responses are required. Besides the computational considerations, the proposed model makes use of a variety of material models; particularly noteworthy are the elasto-plastic DruckerPrager Cap model and the concrete damage plasticity model along with the JWL equation of state. It is concluded that these capture well the essential aspects of the materials involved. This final model has been found to accurately simulate the blast load pressure time histories affecting the buried structures and the dynamic soil structure interaction which has a significant effect on the structure response.
